Injectable constructs for in vivo gelation have many advantages in the regeneration of degenerated nucleus pulposus. In this study, an injectable hydrogel consisting of chitosan (CS) and hyaluronic acid (HA) crosslinked with glycerol phosphate (GP) at different proportions (CS : GP : HA, 6 : 3 : 1, 5 : 3 : 2, 4 : 3 : 3, 3 : 3 : 4, 2 : 3 : 5, 1 : 3 : 6, V : V : V) was developed and employed as a delivery system for kartogenin (KGN), a biocompound that can activate chondrocytes. In vitro gelation time, morphologies, swelling, weight loss, compressive modulus and cumulative release of KGN in hydrogels were studied.
Introduction
Degenerative disc disease is the main cause of chronic low back pain and disability in the elderly. As discs degenerate, there is a decrease in the water content and a reduction in type II collagen and proteoglycans in the nucleus pulposus (NP), resulting in structural destruction and flattening of the disc. 1, 2 Conventional approaches such as conservative treatment and surgical techniques can relieve the patients' clinical symptoms to some extent. 2, 3 However, interest in developing biomaterials to regenerate the NP is growing dramatically, as biomaterials (with or without graft cells) provide a new strategy for restoring native tissue structures and the mechanical function. When the diseased NP tissue has been surgically removed, scaffolds constructed with biomaterials can be used for cell-and factordelivery, which is aimed at tissue regeneration and finally, rehabilitation of normal disc function.
Although in vitro cell based engineered tissue has shown promising results in clinical studies, there are some limitations in clinical application, such as invasive surgery, inflammation, and subsequent infection. Injectable in situ-forming hydrogels can thus overcome these limitations, as they merely involve delivery via syringe injection during minimally invasive surgery, introducing the aqueous solution into the body at target sites to fill irregularly shaped defects. 4, 5 In situ-forming hydrogels are particularly suitable for disc transplantation because of their cavity structures, and have become increasingly attractive in NP and cartilage tissue engineering 6, 7 as well as drug delivery. 8 Scaffold materials for cell-and factor-delivery should be biomimetic and should contain components of the extracellular matrix (ECM) in order to illicit specific cellular responses and direct new tissue formation. 9 Among various biomaterials, sodium hyaluronate/hyaluronic acid (HA) is a natural, biocompatible and biodegradable polysaccharide. 10 Moreover, it is a major component of synovial fluid as well as glycosaminoglycans (GAGs) that are found in the NP and articular cartilage. HA has been used broadly for osteoarthritis treatment, 11 as an intra-articular injective material, and has been proven to support cell proliferation and maintain the chondrogenic phenotype. 12 It has been demonstrated that HA-based hydrogels can direct recovery or replacement of the endogenous NP for NP tissue engineering and cellular therapies. 13 Another suitable candidate for cartilage and NP tissue repair is chitosan. Chitosan is structurally analogous to GAGs, 14 and is also nontoxic, water soluble, biodegradable, biocompatible and displays anti-bacterial properties. Chitosan has been investigated extensively for drug delivery systems. 15 The chitosan-gelatin scaffold prepared by the freeze-gelation method provides better conditions for NP cell proliferation. 16 The advantage of ECM molecules is that it allows cells to maintain their differentiated phenotype for specific tissues.
In addition to the material in the scaffold, growth factors are also important for tissue regeneration. The small molecule KGN can promote the selective differentiation of mesenchymal stem cells (MSCs) into chondrocytes, and has been identified as a chondrogenic and chondroprotective agent. 17, 18 In a mouse model of osteoarthritis, intra-articular injection of KGN has been demonstrated to reduce tibial plateau cartilage degeneration. 19 Accordingly, KGN is expected to be a potential novel therapeutic drug for the treatment of osteoarthritis.
In this study, we constructed a biocompatible CS/HA hydrogel, which has similar mechanical properties to native NP tissue. In addition, we have synthesized a KGN-conjugated CS/ HA hydrogel and have demonstrated that sustained release of KGN in the hydrogel can promote adipose-derived stem cell (ADSC) proliferation and NP differentiation, and thus enhance the construction of engineered NP tissue.
Materials and methods
Preparation and fabrication of CS/HA hydrogels For hydrogel preparation, a batch size of 5 mL each was prepared at ambient temperature. A 2% chitosan (CS, deacetylation 90%, Sigma) stock was prepared in 0.1 M hydrochloric acid, and a 10% β-glycerophosphate (GP, Sigma) stock and 1% sodium hyaluronate (HA, 350 kDa, Huaxi Fureida) stock was prepared by dissolving in distilled water. All stock solutions were left at rest at 4°C overnight to remove bubbles. The 2% CS, 10% GP and 1% HA solutions were subsequently mixed at different proportions (V : V : V, 6 : 3 : 1, 5 : 3 : 2, 4 : 3 : 3, 3 : 3 : 4, 2 : 3 : 5, 1 : 3 : 6) and maintained in a 37°C water bath prior to use. All percentages in the formulations refer to % (w/v).
Hydrogel characterization
The pH values of the mixtures were measured using a Seven2Go pH-meter with a viscotrode (Mettler Toledo). Three measurements were taken in series on the same sample; four samples in each group were measured.
The interior morphology of the hydrogels was observed using scanning electron microscopy (SEM). Prior to SEM analysis, the samples were dehydrated, dried and gold coated with a sputter coater at 20 mA under 70 mTorr for 1 minute. The surface and cross-sectional morphologies were viewed using a JCM-6000 SEM (JEOL), and pore-size distributions of hydrogels were determined by evaluating a set of at least three SEM images using the linear intercept method.
To observe incorporation of HA in CS hydrogels, the crosslinked CS/HA hydrogels were stained with alcian blue. Briefly, the hydrogels were immersed in 0.5% w/v alcian blue solution dissolved in 10% acetic acid aqueous solution. After staining with gentle shaking for 4 hours, the gels were sequentially washed with 2% acetic acid solution and PBS.
To examine the swelling properties, 1 mL of each hydrogel was weighed before immersing in 5 mL of PBS and maintained at 37°C for 12 hours. The hydrogels were then removed and immediately weighed with a microbalance after excess water on the surface was absorbed with filter paper. The swelling ratio (SR) was calculated using the following equation: SR = (W s − W d )/W d , where W s and W d are the weights of the hydrogels at the swelling state and at the dry state, respectively.
To test the mechanical properties, mixtures of the solutions described above were injected into a 96-well culture plate over 15 minutes to obtain columned hydrogels, and these were cut to the same dimensions (∼6 mm diameter, ∼2 mm height). The Young's modulus was measured in the elastic region of the hydrogels using a Nanotensile testing system (T150 UTM, Agilent) with unconfined compression, up to 20% strain at room temperature. Three measurements were performed per gel and three parallel samples were used.
To examine biodegradability in vitro, the hydrogels were incubated in 3 mL of an enzyme solution (100 U mL −1 hyaluronidase and 10 mg mL −1 lysozyme) in a 37°C water bath. In brief, hydrogels were pre-weighed (W 0 ) before quickly freezing at −80°C and lyophilizing at −50°C. The weight loss of dry hydrogels was monitored as a function of incubation time in PBS or the enzyme solution at 37°C. At specified time intervals, hydrogels were quickly frozen at −80°C, lyophilized and weighed (W t ). The weight loss ratio was calculated as 100% × (W 0 − W t )/W 0 . The weight remaining ratio was defined as 1-100% × (W 0 − W t )/W 0 .
In vitro release study
For preparation of factor-loaded CS/HA hydrogels, KGN was diluted in 10% GP and mixed homogeneously with the CS/HA solution to a final concentration of 50 µM KGN. To examine the release kinetics of KGN from CS/HA hydrogels, each lyophi-lized KGN-loaded hydrogel was placed in a well of a 24-well microplate and covered with 1 mL PBS. The total volume of PBS was collected and replaced with the same volume of PBS at each sampling time. The amount of KGN released from each CS/HA hydrogel was evaluated using the HPLC (Ultimate 3000, Dionex) spectrum. In vitro release was measured in five replicates under physiological conditions ( pH 7.3, 37°C, humidified atmosphere) at different time-points (day 1, 2, 3, 4, 5, 6, 7, 8, 10, 14 and 16).
Cell proliferation and cytotoxicity
GFP-SD rats were purchased from Guangdong Medical Lab Animal Center. Animals were maintained in accordance with the guidelines of the Manipulative Technique for the Care and Use of Laboratory Animals, China, and approved by the Animal Ethical and Welfare Committee of Shenzhen University (SYXK: 2014-0140). ADSC-GFP was isolated from GFP-SD rats with our improved method. 20 ADSCs were cultured and suspended in CS/HA solution at a concentration of 1 × 10 6 cells per mL. The cross-linked hydrogel was cultured in 1 mL of culture medium (DMEM with 10% FBS) at 37°C and 5% CO 2 in humidified incubators for 14 days. The viability of encapsulated cells was observed under a SEM, to assess cell distribution and cryosections were stained with hematoxylin and eosin (H&E).
Based on data obtained from preceding experiments, the 5 : 3 : 2 CS/HA hydrogel was chosen for cell proliferation and differentiation. Cell/hydrogel constructs were washed once with PBS and dead cell nuclei were stained with propidium iodide (PI, Invitrogen) at 37°C for 30 minutes, and observed using a fluorescence microscope (Leica Microsystems). Proliferation of ADSCs in the gels was measured using the cell counting kit (cck-8, Biosource). Cell/hydrogel constructs were washed once with PBS and incubated with cck-8 solution for 3 hours at 37°C. The cck-8 fluorescence was assayed at 535 nm (excitation) and 600 nm (emission), with four parallel samples being tested.
Differentiation of ADSCs in hydrogels
Four groups were included in the differentiation study; the first group was composed of KGN-loaded hydrogels encapsulating ADSCs that were cultured with differentiation medium (high glucose DMEM supplemented with 10 ng mL −1 transforming growth factor-β 3 (TGF-β 3), all from Life Technologies). In the second group, the ADSC encapsulating un-loaded hydrogels were cultured with differentiation medium. The third group was composed of KGN-loaded hydrogels encapsulating ADSCs that were cultured with standard culture medium. The fourth control group with non-loaded hydrogels encapsulating ADSCs was cultured with standard culture medium. ADSCs at passage 5 were encapsulated at a concentration of 1 × 10 6 cells per mL hydrogel. Each experiment was conducted with three replicates, and culture duration was 28 days. Briefly, pellets of ADSCs were resuspended in 1 mL mixed solution to form the hydrogels. The cell-containing hydrogel solutions were dispensed into 24-well tissue culture plates (1 mL per well) and allowed to form gels at 37°C. NP differentiation was examined by histological analysis and biochemical quantification.
NP differentiation analysis
For histological analysis, hydrogel samples from the four experimental groups were rinsed with PBS and embedded in the Tissue-Tek® (OCT) compound, snap frozen in liquid nitrogen and stored at −20°C. Twenty micrometre serial sections from frozen samples were mounted on Superfrost-Plus microscope slides and dried for 24 hours at room temperature. After fixation with methanol/acetone (1 : 1), the cells were rinsed with PBS three times and blocked in 10% normal goat serum for 20 minutes. Samples were incubated with primary antibodies (Anti-Collagen II, Anti-Aggrecan, Abcom) overnight at 4°C, then rinsed with PBS three times and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Invitrogen) for 2 hours at room temperature. The cells were rinsed with PBS and developed using a DAB kit (Thermo, USA). For semi-quantitative analysis, six pictures for each slide were collected. Image Pro Plus was used to catch the brown area as the area of interest to examine the integrated optical density.
Total RNA from the differentiated cells was obtained using Trizol (Invitrogen). The RNA was reverse transcribed to complementary DNA (cDNA) using the First Strand cDNA kit (Takara) following the manufacturer's protocol. Quantitative polymerase chain reaction (qPCR) analysis was then performed using the Quantitect SYBR Green PCR Master Mix (Takara). Standard curves were generated, and quantities of each transcript were normalized to β-actin as an internal control.
Statistical analysis
Statistical analyses were performed using analysis of variance (ANOVA) followed by the Tukey's post hoc test or Student's t-test. A value of P < 0.05 was considered significant. Results are presented as mean ± standard deviation.
Results

Preparation and characterization of hydrogels
The gelation time of hydrogels was investigated using a vial tilting method (Fig. 1A) . The CS/GP/HA solution at 6 : 3 : 1 showed a sol-gel phase transition after 8 minutes at 37°C. The gelation time increased from 8 to 14 minutes with an increase in the HA concentration. The gelation time of CS/GP/ HA hydrogels further increased to 30 minutes as the proportion of the hydrogel changed to 4 : 3 : 3 ( Table 1 ). The addition of HA significantly increased the gelation time, however, the CS/GP/HA solution at 3 : 3 : 4, 2 : 3 : 5 and 1 : 3 : 6 did not change to the gel phase. The pH values of all hydrogel preparations were close to neutral (Table 1) .
CS/HA ratios significantly influenced the swelling ratio of hydrogels in PBS. The equilibrium-swelling ratio of CS/HA with 4 : 3 : 3 in PBS was 34%, which was significantly higher than the 6 : 3 : 1 hydrogel ( Table 1 ). The equilibrium-swelling ratio increased with the proportion of HA in the hydrogels. The values remained stable up to 7 days in PBS.
The compressive modulus of the hydrogels was determined by a static mechanical analysis method. The 6 : 3 : 1 and 5 : 3 : 2 hydrogels had a significantly higher compressive modulus (2.9 and 1.6 MPa, respectively) than the 4 : 3 : 3 hydrogel (Table 1 , p < 0.05). The Young's modulus of fresh NP from humans has been reported to be on average 2 MPa, which is close to that of the 5 : 3 : 2 hydrogel. With the incorporation of KGN, the compressive modulus of the composite hydrogels increased, however it was not significantly different from hydrogel only (data not shown).
The CS/HA composite hydrogels without cells were stained with alcian blue to observe HA incorporation and their stability over time (Fig. 1B) . The CS/HA hydrogels displayed positive alcian blue staining, indicating the presence of HA in the gels after cross-linking.
The microstructural morphology of dehydrated hydrogels was examined under a SEM (Fig. 1C) . Based on the crosssectional morphology, both hydrogels displayed a continuous and porous structure due to the drying procedure. The pore diameter of the 6 : 3 : 1 CS/HA hydrogel ranged from 10-40 μm, compared to the 5 : 3 : 2 CS/HA hydrogel with pore diameters of 40-80 μm and the 4 : 3 : 3 CS/HA hydrogel with pore diameters ranging from 40-100 μm (Fig. 1C) . This difference in the pore size indicates that a higher proportion of CS results in the formation of smaller pore diameters and thus a tighter network structure in thermosensitive hydrogels.
The degradation properties of the composite hydrogels were monitored as a function of incubation time in PBS at 37°C ( Fig. 2A) . The ratio of CS/HA had a significant influence on the weight loss behavior of the composite hydrogels. The hydrogels with a higher ratio of CS demonstrated a slower weight loss than the hydrogels with a lower CS composition. Compared with 5 : 3 : 2 and 4 : 3 : 3 hydrogels, the 6 : 3 : 1 hydrogel formed a more compact hydrogel and thus displayed a steady rate of weight loss for up to 14 days and showed a significantly slower weight loss rate than the other hydrogels. Based on these results, the ratio of 5 : 3 : 2 CS/HA is appropriate for KGN loading and release. The in vitro release of KGN from the hydrogels was determined over 16 days (cumulative release shown in Fig. 2B ). The 4 : 3 : 3 CS/HA hydrogels released significantly greater amounts of KGN compared to the 5 : 3 : 2 hydrogels during examination time. In addition, the 6 : 3 : 1 hydrogels displayed slow release of KGN from hydrogels, consistent with their degradation properties. The 5 : 3 : 2 CS/HA hydrogel showed a sustained KGN release over the examination period.
The SEM images of the encapsulated ADSC/hydrogel matrices are presented in Fig. 3A . The residing cells within hydrogels possessed normal spherical or fibroblast-like morphology. CS/HA hydrogels with 5 : 3 : 2 and 4 : 3 : 3 showed more cell survival and bioactivity.
The analysis of the cell-encapsulating hydrogel by H&E staining revealed a relatively uniform distribution of cells throughout the scaffold. CS/HA hydrogels with 5 : 3 : 2 and 4 : 3 : 3 showed more cells than that of 6 : 3 : 1, which was consistent with the observations under a SEM. However, hydrogels with 4 : 3 : 3 were too fragile to handle during examination.
Cell viability and proliferation inside the hydrogel
To assess the suitability of the CS/HA hydrogel to support cell survival, ADSCs were encapsulated in CS/HA hydrogels and cell viability was assessed by propidium iodide (PI) staining of cellhydrogel constructs over two weeks in culture (Fig. 4B) . Most of the cells encapsulated inside CS/HA hydrogels were viable, and maintained a round morphology after one day in culture. CS/HA hydrogels maintained a good overall viability of ADSCs for 14 days in culture, and some cells that were dispersed in the hydrogel showed fibroblast-like morphology (Fig. 4A) . After PI staining, the live/dead encapsulated ADSCs within hydrogels after 14 days in culture were imaged by fluorescence microscopy (Fig. 4B ). Round or fibroblast-like ADSCs were uniformly distributed in both CS/HA and KGN-conjugated hydrogels. Most of the encapsulated ADSCs survived in copolymer hydrogels after 14 days in culture. Observations using SEM were consistent with the results seen with PI staining (Fig. 5) , however, the encapsulation process and two-dimensional culture may still result in cell death. A higher number of live cells were observed in the KGN-conjugated hydrogels than in the pure hydrogels after 14 days of incubation, which was confirmed using the cell proliferation cck-8 assay. In addition, small particles with KGN were observed inside or on the surface of the hydrogels (Fig. 5 ). Proliferation of encapsulated ADSCs in the CS/HA hydrogel was monitored in culture media at different time-points over 26 days by cck-8 (Fig. 4C ). The cells showed significantly higher metabolic activity at days 14-26 compared to days 0-7 (P < 0.001), indicating that the cells could grow and proliferate within CS/HA hydrogels.
NP differentiation of the encapsulated ADSCs
The NP induced cell-hydrogel constructs were examined by immunohistological methods to identify the distribution of collagen and aggrecan that are generated. A non-induced construct (control) showed less or minimal staining for collagen II and aggrecan in culture medium at day 28 (Fig. 6 ). Constructs induced with either KGN or TGF-β expressed collagen II and aggrecan to similar degrees, and induction with both factors together did not further promote the differentiation of ADSCs compared to KGN or TGF-β alone. All the differentiation groups had significantly higher expression of collagen II and aggrecan compared to that of the non-induced groups. The quantitative results from real-time PCR were consistent with the immunohistological staining results (Fig. 7 ).
Discussion
The cell density within the NP decreases with aging, which results in the loss of proteoglycan synthesis and a decline in the production of important ECM proteins such as aggrecans and type II collagen. 21 Chitosan is structurally analogous to GAGs, and HA is a major component of the ECM in the NP. 10, 12, 14 Hydroxyl groups in HA can cross-link with amino groups in CS. CS when combined with glycerol phosphate and HA can undergo a sol-gel transition at 37°C by covalent crosslinking. 22 We have shown in this study that increasing the HA concentration in the CS/HA thermo-sensitive hydrogel increases the gelation time, which may be attributable to the presence of more hydrophilic groups among HA chains.
In addition to gel thermosensitivity, other important requirements include high water content, biodegradability as well as mechanical properties, 23 which are important to the mechanical function of the disc after implantation, and it is important that the matrix secreted from implanted cells is able to replace the hydrogel over time after the implantation. The hydrogels with a higher HA content displayed a loose structure, consequently increasing the exposure of hydrophilic polymer chains to water molecules at 37°C, leading to enhanced water absorption and significantly faster weight loss. This is likely due to the complicated entanglement of macromolecular chains, 5 and accordingly, a higher ratio of CS resulted in a tighter network structure and a smaller pore diameter in the hydrogels.
We chose the hydrogel that demonstrated similar mechanical properties to native NP tissue. Since the microstructure, mechanical properties and high water content of 5 : 3 : 2 hydrogels are very similar to those of the extracellular matrix of natural NP tissue, these hydrogels may provide an environment for maintaining cell bioactivity and preserving the cell phenotype. We used ADSCs for the regeneration of engineered NP tissue, because they can be easily obtained from autologous adipose tissue, and we have demonstrated that their pro- liferation and differentiation ability are much stronger than that of bone marrow derived stem cells. These cells have been widely investigated for use in cartilage and other tissue regeneration. [24] [25] [26] ADSCs showed good morphology and strong proliferation ability in CS/HA hydrogels. Incorporation of ADSCs into the CS/HA hydrogel may aid ADSC proliferation and NP differentiation since native NP cells prefer to live in a three dimensional microenvironment. This also enables mechanical load transduction, which is important for the synthesis of the NP matrix. 27 Incorporating cells into the CS/HA hydrogel solution reduces clustering and poor distribution of transplanted cells. Moreover, after gelation, the hydrogel provides a temporary three-dimensional matrix to increase cell retention and survival. The CS/HA hydrogel can also create a favorable NP-like microenvironment due to the incorporation of ECM components present in NP tissue. [28] [29] [30] [31] [32] The presence of CS, which is analogous to GAGs and the ECM component HA may support the growth and deposition of cells, which may play a special role in modulating NP differentiation and function. 6, 13 CS/HA hydrogels can also serve as a delivery device not only for mobilizing stem cells to the injection site, but also for sustainable release of bioactive molecules or growth factors. KGN is a recently characterized molecule that promotes the differentiation of stem cells into chondrocytes for cartilage regeneration. KGN is a low molecular weight and hydrophobic compound, in which the amino groups of chitosan can couple covalently to its carboxyl groups. 18 We conjugated KGN into the CS/HA hydrogel to enhance the aqueous solubility and sustained release from the hydrogel. Similar to previous studies, 18 the conjugation of KGN to the hydrogel enhanced the proliferation and differentiation of NP cells. During differentiation of stem cells, KGN frees core-binding factor (CBF)-b, which may bind to the DNA-binding transcription factor RUNX1 to activate the transcription of collagen II and aggrecan. 17 In addition, KGN has similar ability to induce differentiation to TGF-β, but cannot further promote or enhance the effect of TGF-β, therefore is a suitable replacement of TGF-β for NP and cartilage differentiation and regeneration. After construction of NP-like tissues, the next step is implantation. As we all know, the inflammation environment is one of the key factors for DDD, CD54 can be used as a biomarker to evaluate the inflammation-associated disc degeneration, because the expression of CD54 was insignificant in younger NP tissue, and showed stronger expression in aged NP tissue. 33 There is no significant increase of CD54 expression after differentiation in the hydrogel, which indicated that there is no inflammation reaction occurring in our constructed hydrogel, and will cause no harm to native disc after implantation.
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Conclusions
In our study, chitosan was chosen to mimic the GAG structure in the NP ECM, and HA as a major component of NP ECM, to construct a CS/HA injectable hydrogel that can support pro-liferation of ADSCs and promote differentiation towards NPlike tissues. In addition, a KGN-conjugated hydrogel has the potential to support ADSC distribution and related factor delivery, which significantly promotes NP cell differentiation in hydrogels and development of engineered NP tissues. Thus, this type of hydrogel with encapsulated ADSCs and KGN may fill damaged NP defects and can be applied during minimally invasive surgery. However, further work is needed to understand the mechanism of how the CS/HA hydrogel affects the production of type II collagen and aggrecan by ADSCs, and animal studies will be needed to investigate the efficacy of NP regeneration of the CS/HA hydrogel-ADSC system.
